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between the Last Glacial Maximum and the
Early Holocene2. This is equivalent to a
growth rate of 0.02 GtC per year during the
period of deglaciation. In the more recent
past, changes in atmospheric CO2 have been
observed during the last millennium, but at a
rate which did not exceed 0.1 GtC per year4.
To provide a continuous record of CO2 over
the entire Holocene, Indermühle and co-
workers3 carefully analysed more than 400
precious pieces of ice from the Taylor Dome
ice core in West Antarctica. The level of
experimental precision in their measure-
ments, on the order of 3 ppmv, is unprece-
dented.

In the new Holocene record, atmospheric
CO2 first decreased slightly during the Early
Holocene, but has since increased by 25
ppmv. So, from 8,000 years ago to the eigh-
teenth century, the atmospheric reservoir
appears to have gained 50 GtC. Yet, the
growth rate of CO2 at that time is less than
0.01 GtC per year. In comparison, we now
experience a build-up of CO2 in the atmos-
phere at an average rate of 3 GtC per year,
which clearly reflects an imbalance between
sources and sinks that has absolutely no
equivalent in the recent geological past.

The Holocene CO2 record is fascinating
because it reveals that small, but persistent,
changes in the atmospheric CO2 concentra-
tion can be sustained through several millen-
nia, despite the fact that, overall, the global
climate conditions have been rather stable.
What are the carbon pools that have leaked
carbon into the atmosphere since around
7,000 years ago? And what are the mecha-
nisms that delivered CO2 to the atmosphere?

Two principal active carbon pools, the
oceans and the land biosphere, are connect-
ed to the atmosphere. To identify the respec-
tive role of these two reservoirs on the
observed Holocene CO2 variations, Inder-
mühle et al.3 rely on measurements of the sta-
ble 13C isotope composition (d13C) in atmo-
spheric CO2. The bottom line is that the d13C
of atmospheric CO2 provides a fingerprint of
the terrestrial CO2 fluxes. Photosynthesis
incorporates preferentially the lighter 12C
isotope into plant tissues. As a result, living
biomass and soil organic matter are signifi-
cantly depleted in 13C compared with the
atmosphere. Therefore, if the land biosphere
leaks CO2 by respiration, it is expected
to cause the global atmospheric d13C to
decrease. In contrast, an ocean outgassing of
CO2 will not significantly alter the atmo-
spheric isotopic composition.

Measuring d13C in addition to CO2 con-
centration makes it possible, in principle, to
infer separately the net ocean and land CO2

fluxes. This technique is known as ‘double
deconvolution’5, but the use of 13C is not
quite straightforward. First, it is difficult to
accurately measure d13C in air enclosed in
ice, and slight offsets in the calibration pro-
cedures6 may have a large effect on the results

of a double deconvolution. Another source
of uncertainty is the fact that the air–sea gas
exchange of CO2 slightly modifies the iso-
topic composition of 13C as a function of
temperature. In addition, the photosynthet-
ic pathway common in tropical grasses (C4)
fractionates much less 13C than the ‘domi-
nant’ pathway found in trees (C3). Large-
scale shifts between the C4 and C3 pathways
in terrestrial ecosystems could therefore have
independently caused d13C to vary during
the Holocene.

Indermühle and co-workers2 carefully
address the above points and conclude that
changes in the land biospheric carbon pool
are predominantly responsible — although
other processes must contribute — for the
observed changes in atmospheric CO2. The
land biosphere appears to have gained car-
bon immediately after the deglaciation and
up to 7,000 years ago, and then to have leaked
about 10% of its carbon content, that is
about 200 GtC. The ocean was the largest
final recipient of this biospheric source, and
gained 150 GtC, whereas the atmosphere
retained 50 GtC. Further insights on the nat-
ural carbon cycle dynamics are expected to
be gained from CO2 and isotopic measure-
ments in high resolution ice cores being
drilled in Antarctica. A detailed CO2 history
of the last deglaciation is a high priority on
research agendas.

It is worth noting that during the second
half of the Holocene epoch, when the bio-
sphere appears to have lost CO2, the ice-core
record also indicates an important change in
the atmospheric concentration of methane7.
This has been attributed to increasingly arid
conditions in the tropics and peat develop-
ment in the north. It appears that, even if the
global average climate of the Holocene was
rather stable, regional changes in the precipi-
tation and temperature patterns over the
past 11,000 years8 may have been sufficiently
important to trigger some significant re-
adjustments to the land carbon reservoir.
Terrestrial and oceanic biogeochemical
models of the carbon cycle, such as those
used to predict future CO2 levels, now face
one more challenge: to reproduce the
observed changes in the Holocene carbon
pools.
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Daedalus

Negative friction
Most lubricants are liquids. They keep the
moving surfaces apart by hydrostatic
pressure. But some, such as graphite and
molybdenum disulphide, are solids. Their
lamellar lattices have a very easy, low-
friction slip-direction. Intriguingly,
molybdenum disulphide works badly in
moist air. At the contact-area of the
moving surfaces, friction and compression
heat the lubricant film; it reacts with water
vapour to give molybdenum oxide and
hydrogen sulphide. The reaction absorbs
energy, which is drawn from the
mechanism as added frictional loss.

Daedalus is now seeking the converse
process. A lubricant which reacted under a
roller to give out energy, would decrease
the friction. Indeed, if the reaction were
sufficiently energetic, the frictional loss
would go negative. The lubricant would
actually power the roller. DREADCO
chemists are now developing this elegant
and ultimately simple motor.

To generate propulsive power, the
reaction must go with increase in volume.
As the moving element rolls on a track
lubricated with reagent, the rear of its
contact-area would then be continuously
‘jacked up’ by reactive expansion, driving it
along. Now metal oxidations run with vast
expansion. Daedalus began to muse that a
railway carriage ought to be propelled
spontaneously by the thermally induced
rusting of the track beneath its wheels — if
rust were not such a bad lubricant. But
graphite can also be expanded strongly, by
the insertion of small molecules, including
metal oxides, between its planes of carbon
atoms. So DREADCO’s ‘active lubricant’
will be a mixture of graphite and
oxidizable metal dust. The transient heat
of rolling contact will expand it strongly,
thus accelerating the rolling.

Active lubrication will transform the
design of small, low-powered mechanisms.
They will run for ages on a modest supply
of lubricant. Printers, cameras and
innumerable office and domestic gadgets,
will shed their motors, gear-trains and
actuators, and be wonderfully quietened
and simplified. More high-powered units
will need special arrangements to
replenish the lubricant and remove it when
exhausted. Ultra-safe actively lubricated
motors, free from heat and sparking, will
colonize the fuel and chemical industries.
An active road, pushing the cars along by
reactive expansion beneath their tyres, is
probably unfeasible. But an active skating
rink should transform that energetic sport
into a leisurely delight.
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